High-quality ZnS, ZnSe, and ZnTe epitaxial films were grown on ͑001͒-GaAs-substrates by molecular beam epitaxy. The 1s-exciton peak energy positions have been determined by absorption measurements from 2 K up to about room temperature. For ZnS and ZnSe additional high-temperature 1s-exciton energy data were obtained by reflectance measurements performed from 300 up to about 550 K. These complete E 1s (T) data sets are fitted using a recently developed analytical model. The high-temperature slopes of the individual E 1s (T) curves and the effective phonon temperatures of ZnS, ZnSe, and ZnTe are found to scale almost linearly with the corresponding zero-temperature energy gaps and the Debye temperatures, respectively. Various ad hoc formulas of Varshni type, which have been invoked in recent articles for numerical simulations of restricted E 1s (T) data sets for cubic ZnS, are discussed.
I. INTRODUCTION
The wide-gap binary II-VI materials ZnS and ZnSe have many potential applications in short-wavelength lightemitting devices. This is also true for the ternary systems, as well as the superlattice and multiple-quantum-well structures, due to the great variety of alloys and layered structures composed of various zinc and cadmium chalcogenides. For this reason, there has been considerable activity in improving epitaxial growth procedures and in detailed studies of excitonic and other near-band-edge emission and absorption features of such systems. To be able to control the emission-line energy positions in different II-VI material structures under various operating conditions it is necessary to know the corresponding energy shifts over a wide temperature range. Near room temperature the magnitudes of these thermal shifts are known to be larger than 0.4 meV/K in ZnS, ZnSe, and ZnTe. [1] [2] [3] [4] These shifts in zinc chalcogenides are markedly stronger than, e.g., in cadmium chalcogenides, group-IV materials, and many III-V compounds. The available experimental data on the temperature dependence of the lowest (1s) exciton line, E 1s (T), or the associated fundamental band gap, E g (T), in ZnS, [5] [6] [7] [8] [9] ZnSe, 5, [10] [11] [12] [13] [14] [15] and ZnTe [16] [17] [18] bulk crystals or layers is in the range of cryogenic to room temperatures. Most of these E(T) data sets [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] are not adequate, however, for detailed analytical and numerical descriptions or reliable extrapolations above room temperature. For example, for cubic ZnS the uncertainties in published E 1s ͑300 K͒ and E g ͑300 K͒ values are on the order of 170 meV. [1] [2] [3] [4] [5] [19] [20] [21] [22] More recent data for E g ͑300 K͒ ranged between 3.723 eV 9 and 3.74 eV, 8 which corresponds to an uncertainty of 20 meV. In addition, different shapes of E 1s (T) and E g (T) curves have been measured for cubic ZnS: the data in Refs. 2, 3, 7, and 9 suggest a nearly linear dependence between 120 and 300 K, whereas, the data in Ref. 8 show a rather strong nonlinearity in the same temperature region. Thus, one of the goals of this work is to reliably obtain the detailed shape of the E 1s (T) curve from very low up to room temperature.
The other goal of this study is to extend experimental measurements beyond room temperature, to obtain data to test various analytical models which were proposed previously ͑Refs. 23-31͒. In particular we discuss the results of numerical fittings to E 1s (T) data based on an analytical fourparameter representation developed recently by one of the authors ͑Ref. 27͒.
blende structure with good structural quality, as monitored by in situ reflection high energy electron diffraction ͑RHEED͒ and ex situ high resolution x-ray diffraction. ͓The latter yielded full widths at half maximum of about 800, 250, and 600 arcsec for the ͑004͒-reflection signal of the ZnS, ZnSe, and ZnTe samples, respectively.͔ The thickness d of the films ranged between 200 and 1000 nm. Samples of freestanding films were prepared from about 900-nm-thick films. The substrates were selectively etched off by a mixture of 82% 1N-NaOH and 18% H 2 O 2 ͑30% solution in water͒. The films were kept on fine copper nets in order to avoid strain effects.
Absorption measurements were carried out in a He cryostat at temperatures between 2 K and about 390, 280, and 290 K for ZnS, ZnSe, and ZnTe, respectively. The transmitted light was monochromized by a 1-m-double monochromator and detected by a multichannel diode array with a resolution of 0.1 Å, which corresponds to about 0.05 meV. The detector covers an energy region of more than 50 meV. We were thus able to carry out measurements at up to 60 K without moving the grating of the monochromator, avoiding deviations caused by the tuning mechanism.
The absorption coefficient ␣() was determined from the Lambert-Beer rule
͑1͒
where I() and I 0 () are the intensity of light transmitted through the sample and the reference intensity measured without the sample, respectively; ␣ c denotes losses by reflection and scattering. Equation ͑1͒ is a good approximation in regions of high absorption.
Since the temperature broadening is relatively weak, especially for TϽ80 K, the peak positions could be determined to within 0.5 meV. Figure 1 shows typical absorption spectra of ZnS recorded between 1.7 and 354 K. The 1s exciton peak is clearly visible up to room temperature. Unfortunately, the 2s-exciton absorption peak in ZnS could not be well resolved and the spin-orbit 1s ͑SO͒ exciton absorption peak was observable only up to 200 K ͑Fig. 1͒.
The energy of the 1s exciton line E 1s (T) was obtained from the absorption spectra by using a fitting procedure devised by Toyozawa 34 and Goñi et al. 33 ͑Fig. 2͒. This description uses the exciton model developed by Elliott 35 and includes Lorentz broadening. The absorption coefficient is given by 
͓Note that the total set of adjustable parameters for fitting a given ␣() dependence by Eq. ͑2͒ is confined in this way to a quartet of energy parameters, E 1 , R, ⌫ 1 , and ⌫ c , in combination with the proportionality factor C 0 .] The 2s-peaks were clearly visible in ZnSe 15 and ZnTe from 2 K ͑Fig. 2͒ up to about 110 and 60 K, respectively. The separation between the 1s and 2s lines was found to be temperature independent. Thus we find for the effective Rydberg energy
͑Table I͒. A weak temperature dependence could have been expected due to the dependence of the exciton binding energies on the reduced effective mass 37 and the static dielectric constant . 22 For the zinc chalcogenides considered here the reduction of Rϰ/ 2 ͑Refs. 37 and 38͒ between 2 K and room temperature should be smaller than 2 meV. 15 Within this uncertainty the energy gap E g (T) can thus be estimated from E 1s (T) by E g (T)ϭE 1s (T)ϩR(T→0).
ZnS has the highest Debye temperature,
of all II-VI compounds investigated here. In order to find the E 1s (T) dependence up to about (4/3)⌰ D ͑Sec. IV͒ we have measured, between 300 and 550 K, the transition energy to within Ϯ6 meV by using a reflection difference spectrometer ͑RDS͒ attached to a MBE chamber. The sample, which remained on the substrate, was fixed to the substrate manipulator and heated from room temperature up to about 550 K ͑mostly in steps of 10 K͒. The sample temperature was measured by a thermocouple. The uncertainties of these measurements near ͑and below͒ room temperature are Ϯ0.3 K, but increase significantly ͑nearly linearly͒ up to Ϯ5 K for T Ͼ500 K. This corresponds to a maximum systematic uncertainty of about Ϯ3 meV for the experimental E 1s (T) data points between 450 and 550 K, which means a possible systematic error of less than Ϯ3% with respect to the slope of the associated high-temperature asymptote.
In order to avoid short period Fabry-Perot interferences in the transparent spectral region, the thickness of the sample was chosen to be only about 200 nm. Typical reflectivity spectra for ZnS are shown in Fig. 3 . The transition energy was obtained from these spectra by a fit function developed for thick layers. A double layer model 39 yielded practically the same transition energies. The refractive index, n 0 (), which controls the normal reflectance, (n 0 Ϫ1) 2 /(n 0 ϩ1) 2 , was derived from the dielectric function of a damped harmonic oscillator:
where H represents the background dielectric constant, A the polarizability, ⌫ the broadening and 1 ϭE 1s /ប the circular frequency associated with the 1s transition. In addition to the latter we have also taken into consideration the contributions due to the 2s and 3s transitions. Thus we have used an expression of the form
where n ϭ(E g ϪR/n 2 )/ប are the corresponding circular frequencies, A n ϭA 1 /n 3 the polarizabilities, 40 and ⌫ n the associated broadenings ͓Eq. ͑5͔͒. TABLE I. Exciton energies and fundamental energy gaps of the ZnS, ZnSe, and ZnTe epitaxial films at Tϭ0 and 300 K. The exciton binding energies R are obtained from Eq. ͑6͒. The absolute-zero energy gap values E g (0) are given by E 1s (0)ϩR. In the last column we have listed the first derivatives dE g (T)/dT at 300 K as obtained by fitting Eq. ͑9͒ to the experimental data ͓Figs. 4͑a͒-4͑c͔͒. Although the ZnS film is fully relaxed at growth temperature there may remain some residual biaxial strain that tends to split the excitonic transition into a heavy-hole and a light-hole one ͑cf. Ref. 8 , where a splitting of 5.4 meV was observed͒. A detailed quantitative description of such a splitting requires a more elaborate analytical model with two series of excitonic oscillator functions. In our case, however, the possible splitting is estimated to be very small ͑less than 3 meV͒, i.e., even smaller than the inhomogeneous broadening (⌫ inh Ϸ8 meV͒. Thus, it was impossible, even at liquid helium temperatures, to detect some splitting of the measured absorption spectra into heavy-and light-hole exciton lines.
For ZnS, both absorption and reflectance measurements were performed in the temperature region between 300 and 390 K. In general the uncertainty in both data sets is smaller than Ϯ3 meV ͓Fig. 4͑a͔͒. Hence, it is legitimate to use simultaneously both data sets for the fitting procedure. The same is true for ZnSe ͓Fig. 4͑b͔͒.
III. ANALYTICAL FOUR-PARAMETER MODEL AND NUMERICAL ANALYSES
In this article we perform numerical analyses of our experimental E 1s (T) data for ZnS ͓Fig. 4͑a͔͒, ZnSe ͓Fig. 4͑b͔͒, and ZnTe ͓Fig. 4͑c͔͒ on the basis of an analytical model 27 proposed recently by one of the authors. The corresponding semiempirical theory 25, 27 is based on the generally accepted interpretation that the gap shrinkage effect in semiconductors is caused by the cumulative effects of thermal lattice expansion and electron-phonon interaction, where the latter is usually the dominating one. By considering the corresponding spectral function 25, 27 in the form of a combination of a linear and a singular part ͑as approximate representations of the contributions of long-wavelength acoustical phonons, on the one hand, and of short-wavelength acoustical plus optical phonons on the other hand͒, we have obtained an analytical expression of the form 27 E͑T ͒ϭE͑ 0 ͒Ϫ ␣⌰
͑9͒
Here the parameter 0рр1 determines the relative weights 27 of the contributions of the linear (ϰ) and singular ͓ϰ(1Ϫ)͔ parts of the spectral function to the magnitude of the limiting ͑high-temperature͒ slope ␣ ͓see also Eq. ͑11͔͒. The quantity ⌰ is defined in terms of the effective phonon temperature, 25, 27 ⌰, and the parameter as
. ͑10͒
In the high temperature limit, Tӷ⌰ , Eq. ͑9͒ tends to the usual linear asymptote, 25, 27 E͑T ͒→E͑ 0 ͒Ϫ␣͑ TϪ
where H(ϱ)ϵE(0)Ϫ␣⌰/2 represents the high-temperature limit of the associated enthalpy. [23] [24] [25] 29 From Eq. ͑11͒ we see 
͓using again Eq. ͑10͔͒. This low-T asymptote ͓Eq. ͑12͔͒ clearly shows the crucial role of the weighting parameter within this four-parameter model, namely: the variation of between 0 and 1 allows for a material-specific magnitude of the quadratic term in Eq. ͑12͒ from 0 up to ( 2 /12)␣T 2 /⌰. This ability to vary the curvature of the low-temperature asymptote, for given ␣ and ⌰ ͓i.e., at fixed slope and point of crossing of the asymptote Eq. ͑11͔͒, has been proven in many instances to be necessary for adequate numerical fittings of a large range of E(T) data for different materials.
The experimental E 1s (T) data obtained from absorption or reflectance measurements for ZnS, ZnSe, and ZnTe epitaxial films are represented by empty or filled circles in Figs. 4͑a͒-4͑c͒. By fitting the three sets of E 1s (T) data using Eq. ͑9͒ ͓solid curves in Figs. 4͑a͒-4͑c͔͒ we have obtained the material-specific parameter values E 1s (0), ␣, ⌰, and listed in Table II . For ZnS ͓Fig. 4͑a͔͒ we note that the shape of the E 1s(SO) (T) curve due to the splitoff band is slightly different from the shape of the E 1s (T) curve associated with heavy-and light-hole excitons. The set of parameters ␣, ⌰, and listed for ZnS in Table II refers exclusively to the E 1s (T) curve. It is obvious that the temperature range for the measured E 1s(SO) curve is not broad enough ͑in analogy to Ref. 8͒ for an unambiguous determination of a band-specific parameter set. At least we can deduce from the lowtemperature positions E 1s (T→0)ϭ3806.7 meV and E 1s(SO) (T→0)ϭ3874.6 meV ͓Fig. 4͑a͔͒ a split-off parameter value of ⌬ SO ϭ67.7 ͑Ϯ0.5͒ meV, in good agreement with earlier observations. 21, 22, 32 Figure 6 shows the temperature dependence of the slopes, S 1s (T)ϭϪdE 1s (T)/dT, of the E 1s (T) curves, which follow for ZnS, ZnSe, and ZnTe from Eq. ͑9͒ ͓in combination with Eq. ͑10͔͒, which follow from using the E 1s (0), ␣, ⌰, and values of Table II.
IV. DISCUSSION
Inspecting Table II we observe a general trend of a monotonic increase in the magnitudes of the parameters ␣ and ⌰ with increasing exciton energy and fundamental energy gap ͑in analogy to the monotonic increase of the 1s exciton binding energies, R, listed in Table I͒ . In Fig. 6 we have shown the material-specific pairs of parameters ␣ and E g (0). This comparison shows that, within the sequence of zinc chalcogenides in question, the limiting slope parameter ␣ increases weakly with increasing energy gap, E g (0). Moreover, it appears from Fig. 6 that this weak monotonic dependence is nearly linear ͑indicated by the dotted line͒. For comparison, we have included in Fig. 6 the results of analogous numerical analyses of E g (T) data available for CdS, 23 CdSe, 45 and CdTe 46 ͓where a similar empirical relationship between the parameters ␣ and E g (0) could not be found͔.
We now consider the monotonic change of the materialspecific values listed in Table II for the effective phonon FIG. 4. Exciton energy positions in ͑a͒ ZnS, ͑b͒ ZnSe, and ͑c͒ ZnTe epitaxial films determined at lower temperatures by absorption measurements ͑empty circles͒ and at higher temperatures by reflectance measurements ͑filled circles͒. The solid curves represent numerical fits using Eq. ͑9͒ ͑with parameters listed in Table II͒ . The dotted lines correspond to the hightemperature asymptotes ͓Eq. ͑11͔͒. The insets compare the low-temperature data of Eq. ͑9͒ with analytical models: solid curve Eq. ͑9͒, dashed Eq. ͑14͒, dotted-dashed Eq. ͑15͒.
temperature, ⌰.
25,27 An instructive relationship is obtained by connecting the latter parameter with the asymptotic (T Ͼ300 K͒ value of the Debye temperature, ⌰ D , 22, 32 for the given material. We find for ZnS, ZnSe, and ZnTe that the effective phonon temperatures, ⌰, are nearly proportional to the Debye temperatures, ⌰ D , that is
This finding for zinc and cadmium chalcogenides is analogous to results obtained for various III-V compounds as well as Si, Ge, and 15R-SiC. 25 These strong changes of the effective phonon temperature, ⌰ϰ⌰ D , from one material to the other provide, among other things, a reasonable explanation for the inverse order of the materialspecific slopes, S(T)ϵ ϪdE(T)/dT ͑Fig. 5͒, at TϽ150 K. Actually, according to Eq. ͑12͒, the low-T
asymptote of S(T) is generally given by S(T)→␣(2Ϫ)(
2 /6)(T/⌰), where the parameters ␣ and change weakly from one material to another ͑Table II and Fig. 6͒ . Thus the inverse dependence, S(T)ϰT/⌰, on the effective phonon temperature ⌰ is dominant at low T ͑cf. also the inset to Fig. 5͒ .
The approximate proportionality 25 between ⌰ and ⌰ D ͓Eq. ͑13͔͒ allows us to estimate the temperature range necessary to examine for a trustworthy determination of the parameters ␣ and ⌰, especially for wide band-gap materials. From Fig. 5 we see that at higher temperatures the slopes,
S(T), of the measured E(T) curves approach their limiting values, ␣ϵS(ϱ)
15,23-27 ͑dotted lines in Fig. 5͒ . Yet, from the latter we see that the difference between S(T) and its limiting value ␣ϵS(ϱ) is reduced to a few % only at temperatures Tу2⌰. In view of Eq. ͑13͒ we can thus say that ␣ ϵS(ϱ) can be properly determined only when the temperature range inspected extends to about (4/3)⌰ D .
This could be easily done for ZnTe by performing absorption measurements within the usual temperature interval ͑i.e., from cryogenic up to about room temperature͒, because the Debye temperature is relatively low, ⌰ D(ZnTe) Ϸ260 K ͑cf. Fig. 8 Table II are physically plausible. This follows from a comparison of the effective phonon energy values, k B ⌰, with characteristic peaks of the phonon energy spectra. The highest phonon energy peaks, ប LO , are known to be at 45.5 meV for ZnS, 27.6 meV for ZnSe, and 25.6 meV for ZnTe. 22, 32 Thus we can satisfy ourselves that, as usual, [24] [25] [26] [27] the effective phonon energies are located in the upper half ͑a few meV above the middle͒ of the total phonon energy spectra. Of special interest is a comparison with the highest LA peak energies, ប LA , which are at 27.4 meV for ZnS, 23.6 meV for ZnSe, and 17.7 meV for ZnTe. 22, 32 Thus our estimated effective phonon energies are about 3-5 meV below the cutoff energies, ប LA . However, the nonvanishing values (Ϸ0.3-0.4 for the materials in question; cf. Table II͒ indicate that phonons with energies considerably lower and higher than k B ⌰ also make significant contributions to the measured E(T) dependencies. Thus the estimated magnitudes of the effective phonon energies k B ⌰ ͑listed in the last column of Table II͒ are obviously a nontrivial result of the inherent averaging processes 25, 27 over the contributions of all phonon branches and energies.
V. ASSESSMENT OF PUBLISHED THREE-PARAMETER MODELS
Taking the →0 limit in Eq. ͑9͒, which corresponds to ⌰ ϭ⌰ ͓according to Eq. ͑10͔͒, we come immediately to a simple equation of the familiar form [24] [25] [26] [27] E͑T ͒→E͑ 0 ͒Ϫ ␣⌰
These expressions are equivalent to the Bose-Einstein model functions proposed by Viña et al. 30 and O'Donnell and Chen 31 ͕and their equality arises from 2͓exp(x)Ϫ1͔ Ϫ1 ϭ͓coth(x/2)Ϫ1͔͖. We have fitted our E 1s (T) data ͓Figs. 4͑a͒-4͑c͔͒ using Eq. ͑14͒ and obtained the ␣ and ⌰ values listed in the corresponding rows of Table II . Equation ͑14͒ yields values that are 1% to 2% lower in the case of ␣ and about 3%-5% lower for ⌰ than those derived with Eq. ͑9͒. Thus, despite the simplicity of Eq. ͑14͒, it is obviously suitable for obtaining reasonable estimations of the basic parameters ␣ and ⌰. ͑This is true at least for cases where is much less than unity; cf. For a variety of group-IV and III-V semiconductor materials, 28, 29, 44 as well as for ZnS, 47, 48 ZnSe, [12] [13] [14] 47, 48 and ZnTe, [16] [17] [18] 47, 48 Varshni's formula:
has typically been used for data analysis. Here the parameter ␣ is again the T→ϱ limit of the gap entropy 29 and ␤ was expected 28, 29 to be comparable with the Debye temperature ⌰ D in the given material. The parameter values ␣ and ␤ obtained by fittings to our E 1s (T) data with Eq. ͑15͒ are listed in the corresponding rows of Table II . For ZnTe our Varshni parameters are relatively close to ␣ Var. ϭ0.52 meV/K and ␤ϭ165 K given by Langen et al. 16 At the same time we see from Table II that ␣ Var. is generally larger than the ␣ values of Eq. ͑9͒ by 12%-18%. This means that, in general, Eq. ͑15͒ is not suited 15 for extrapolating E 1s (T) curves to significantly higher temperatures. Moreover we see from the insets to Figs. 4͑a͒-4͑c͒ that, as usual, [23] [24] [25] [26] [27] Varshni's model ͓Eq. ͑15͔͒ is not capable of providing satisfactory fits of the experimentally observed E 1s (T) curves in the cryogenic region.
The cause of this discrepancy can be understood by considering in more detail the temperature dependence of the slopes, S(T). For zinc chalcogenides these S(T) curves ͑Fig. 5͒ show an unfamiliar feature ͓as does the S(T) curve for GaAs in Ref. 26͔, namely: these curves are concave at T Ͻ30 K and convex at TϾ80 K. The inflection points of the S(T) curves for ZnS, ZnSe, and ZnTe are at about 70, 53, and 41 K, respectively. In our analytical model it is the parameter which, by virtue of its variability between 0 and 1, controls the material-specific shape of these curves. ͓The concave part of the low-T section of an S(T) curve disappears in the →1 limit and becomes extremely pronounced in the →0 limit.͔ Consider now Varshni Ϸ125 or 130 K, can be related in a reasonable way to an empirical temperature parameter such as ⌰ or ⌰ D . Moreover, even the parameter ␣ following from fittings using Eq. ͑16͒ obviously does not give the actual high-T limit of the slope of the E 1s (T) curve in ZnS. Table II shows that the ␣ values given in Refs. 7 and 9 are as much as 27% and 23% lower than the actual magnitude of the high-T slope in cubic ZnS ͓as is clearly seen from Figs. 4͑a͒ and 5͔. This large discrepancy is not surprising, however, in view of the ad hoc nature of ansatz ͓Eq. ͑16͔͒. By calculating the first and second derivatives of Eq. ͑16͒ we find that E Ab. (T) has a point of inflection at T i ϵ(2␤) 1/3 Ϸ159 or 163 K ͑cf. Fig. 2 in Ref. 7 and Fig. 3 
3 )/(␤ϩT) 4 , changes from concave at very low T, to convex at higher T. The second derivative of this entropy function readily shows that the inflection point is at T i ϭ2␤/3. Thus it follows from the fitted ␤ value of about 75 K that the inflection point of S Fer. (T) is at about 50 K. This value is comparable to our result ͑of about 70 K͒. However, there is no physically plausible connection between the parameter ␤ in an ad hoc model like Eq. ͑17͒ ͓or Eqs. ͑15͒ or ͑16͔͒ and a feature of a phonon energy spectrum ͑like cutoff energy positions or moments 25, 27 of the electron-phonon spectral function͒.
VI. CONCLUSIONS
We have determined the temperature dependence of the 1s exciton peak positions in high-quality ZnS, ZnSe, and ZnTe epitaxial films grown on ͑001͒-GaAs substrates by MBE. These data are analyzed via a semiempirical expression that provides, as a rule, a good fit to the observed temperature dependence. We succeeded in limiting the uncertainty for basic parameters to within a few percent by extending the experiments from the cryogenic temperature range up to about 4/3 of the corresponding Debye temperature ⌰ D , i.e., far beyond room temperature. This has been achieved by combining the results of absorption measurements with those of reflectance measurements performed below and above room temperature, respectively. We suggest that an analogous procedure should be undertaken for other wide band-gap materials, including diamond, SiC, GaN, Al x Ga 1Ϫx N, etc., whose Debye temperature is much higher than 300 K.
